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» Physics-of-Failure Overview
» Electronics applications
» Mechanical applications

» Physics-of-Failure approach to
prognostics

» Summary
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Physics of Failure

»Science-based approach to reliability

e 9 -Model the root causes of failure (e.g., fatigue,

LD, : fracture, corrosion & wear)

=i ' »Failure models & CAD tools developed

- By industry/academia/government

- To address specific materials, sites, &
architectures

Stress (e.g.,
vibration) is
propagated from
system level to

failuresite

TREEY REECREREEIEND bhbbd
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Benefits : |
*Design-in reliability ou n‘:"ﬁ'}?i?iﬁif{i.‘?’gﬂ S | Root-cause failure
*Eliminate failures prior to test is cracking of :
*Better chance of passing test solder joint
I ncreased fielded reliability

I mproved prognostics

eDecreased O& S costs
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Physics of Failure Software Tools

Solid M odeling Tools Dynamic Simulation

Finite Element
Tools

Modeling Tools

Fatigue Analysis
Tools

Therm_al Fluid Electronic Cir cuit i
Analysis Tools Card and I C Toolkits

Oct 02
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UMD CalcePWA Software T ool

Architecture & environment
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. Identified potential ~ Relability
thermal & vibration S e
problems

* Analysis showed commercial |
circuit card OK
« AMSAA funded

Avoidance Design Changes

 |[dentified weak link in
design & verified ’ Recommended
* ManTech funded e e ) « Circuit card & box-level analysesii., =58
* Potential technology expansion &

Tracked Vehicle
Radar Ground Station S8 2I\/I Saved _ I ncreased

 PM funded

*PM f
Army Helicopter $50M unded
Missile System

» Air Force analysis showed Savmgs

commercial | Cs OK » PoF analysison Plastic Ball
« AF ManTech funded Grid Array
g ‘PM funded - AlUELENewW
: Technology

AMSAA S
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Ground Station Physics of Failure Analysis

Objective: Determine whether Commercial
Processor circuit card could be used instead of
Ruggedized circuit card in the Ground Station

Approach: Performed vibrational,
thermal and solder-joint fatigue analyses
using CalcePWA software

Results: Commercial circuit card
FatigueLifell Yearsversus23 Years
for Ruggedized, which was acceptable
(Cost Savings - $12,000/Card)
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MEN

Tri-Service Radio Physics of Fallure Analysis |

Objectives.
e VValidate CalcePWA software
through accelerated life testing

Analysis Results.

* 20 pin Leadless Chip Carrier wasweak in design
» Estimated time-to-failure during accelerated lifetest cycle
» Estimated life under operating conditions - 6.5 years

» Assessreliability of the module

in amilitary environment SNPYAN 4 Aluminum Backplane
« Improvereliability of the module ‘“‘mﬂ%ﬂ? < poard
Testing Results: & Board2
117 — %:ig;” =7 A’Board 3
121 =N —"’F”/{_Alumlnum Backplane
123 | | _— !
124 ——* | § 5 B iR TEER
AN 5 e N e ot
125 : . Ll =-.u;-=u:u Developed L ogistics Case
131 B ~ VS | [ |G e - PR
= R P A e L
132 E HE ol b T i bl StUdy g
151 ' s TD:'ZE_;.SE e 5,000 unitsfielded - 20 years
202 wo | Aeedass  figd life
206 ’ ERfr E.‘:.
0 500 1000 1500 200¢
Equivalon: Tharmal Cycles Oper atlnq & Support Cog
LCC Failure Model prediction .
-~ Module Timeline 20 Year life AVOI d an Ce
$27,000,000

Failures occurred as predicted

Oct 02
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Helicopter & Aircraft Physics of Failure Analysis

U.S. Air ForceProject

Aircraft and helicopter had common circuit cards
CalcePWA softwar e used to determine if commercial | ntegrated
Circuitscould be used

Analysis show commercial Integrated Circuits could
be used without degrading reliability

Helicopter (Similar Savings for Aircr aft)
« Savings: Circuit Card #1: $18,501/card

Circuit Card #2: $20,228/card
e For abuy of 1292, total savings = $50M
» Also a15% weight reduction per card

Substantial savings for acquisition only.....would be greater if
Operating and Support Costs were included
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Recent Electronics PoF Analyses

Heater/Air Conditioner Unit

* PoF analysison 2 circuit cards

* Thermal testing (initiated by
AMSAA) on the unit

* Potential thermal problems &
fixesidentified

» Potential analysisfor the unit

IR Image of CCA

Oct 02

Missle

* PoF Analysis on new packages
(Ball & Column Grid Array)

* Analysis and accelerated life
testing suggested that packages
could be used for the missile

e Attach Epoxy

Die Faddle
Substrals
DIE

Ground Plana Thermal Pads Thermal ¥ias

Accelerated Testing Results

Package 1 Package 2
Median Timeto | Timeto 1st Failure
Failure (cycles) (cycles)
F_’OF ~2000-7000 ~2500-3500
Estimate
Actual 5389 6239

(Better than

Anticipated)

AMSAA NS
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Mechanical Structures - Fatigue Analysis Software

Examples: nCode, LM S, University T
of lowa DRAW i N
 Edits& characterizesstrain time w%\ ' |
histories f . -'liil'.',-:;ll..'_ _ !
« Rainflow counting & mean stress c._\(- : -
correction of strain cycles NN
« Estimatesplastic strain based on Range (UE) ;AJQf}Tx;an .
elastic stress or strain calculations — J"’fj o

o Calculatesfatigue life based on
measured (strain gauge) or FEA T
strain time histories

Oct 02



Fatigue Applied to Bridge Durability

» Army Bridge
* User’s 20-year durability
requirement = 46,466 crossings
* Test Requirement™ 3.8 x 46,466

* Testing to requirement is
unaffordable

2 34::%

Vehicle Crossings PoF fatigue analysistoolsused to:
Real Crossing Simulated Crossing . Calculatefatiguelife based on
. . . , measur ed data inputs

£ \ Simulated «  Comparefatigue equivalence (i.e.
@© Crossng .
=  Rea Life | not stress level equivalence) for
o " Crossng Estimate simulated vs actual crossing
té = 8327 |

E=Jlan]as)

PoF Analysis Conclusion:

I ncrease Simulation load by 4% to
- o —o o o o achieve fatigue damage parity

AMSAA S
Oct 02 13




Mechanical PoF: Army Trailer System

ODbjectives
v"Focuson Fatigue v"Validate dynamics loading from
v Develop process for dynamic system level to component level
fatigue analysis v"Uselab/field test datato validate
v Replicatedrawbar failure loading & reliability predictions

Army Mechanical PoF Team: AMSAA, ATC, DTC, TARDEC,
AEC, Univerdity of lowa, University of Tennessee

Oct 02 14



Software Tool Interactions for Dynamic Fatigue Analysis

Dynamic Load Analysis

Tet CareMiagdie

mmmmmmm

drrne

B Component Stress Analysis

v B | NASTRAN
o B
Reliability Analysis

FatigueLife Assessment | it of Critical Nodes

Reliability Based

; Design Optimization
QO
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3-D Solid Model in Pro/Engineer

CAD modeling was performed within Pro/Engineer
» Physical measur ements and mass/inertia properties used to validate model
» Material propertieswere assigned to each part

» Used to develop the bodies defined in dynamic analysis
» Used to develop Finite Element M odel




Finite Element Analysis (FEA) Model

» FEA performed using NASTRAN
e Calculatesvibration modes
* Calculatesstressand strain
* |nput into fatigue analysis

» Modal results experimentally validated Mode 2

T AMSAA s
Oct 02 17
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Tire, Axle, & Shock M easurements

Tire

»Natural frequency and damping (non-rolling)

»Natural frequency (rolling)
Axle

» Spring rate obtained from previous modeling effort at RTTC

»Damping determined from drop test of trailer

Shock Absorbers

» Performed by Penske Racing Shocks, Reading, PA

» Force-velocity curve deter mined using shock dynamometer

Trailer Torsion Bar Dynamic Test

Average Time History From All Vertical Drops

Left Side

Damping Fraction Values
+ Decrement Method: 0.127
+ Curve Fit Method:  0.140

-Decrement Method:  0.123
- CurveFit Method:  0.123

— Averege

@ +Decrement
@ -Decrement
— + Curve Fit

—— - CurveFit

Overall Averaae: 0.128
1.0 2.0 30 40 50
Time- Seconds

Oct 02

Transfer Function Magnitude

10

0.1

0.01

0.001

0.0001

Tire Transfer Function
17 psi Inflation Pressure
ATC Belgian Block Course

o

L ]
y i T : u
P 4 W1 Vs 1
|t T~ \ Hill

™

4|“
‘l

Note: Drop Test isaverage
of left and right axle PSD's
normalized to a max value of 4.0
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Flexible-Body Dynamic Analysis M odel

Dynamic Analysisused DADS

* Multi-body approach
Vehicletraversing smulated terrain

« Useinput from solid model profile

& FEA mode

* Experimental data used for
model inputs of tire, shock
absorbers & suspension

» Determinesforce/
acceleration time history at
all locationson trailer

egl Hrich Accelaration (Y - 18 MPH

] 0 O A S| LT SO N S

Aucca i on (rsasE)

Oct 02



@8 xcellence in Analysis

Fatigue Results

Results consistent with
failure data on Perryman
No. 3 course

.

Q

c:;'

QD

S

=}
Life (Blocks)

Benefits:

»Early identification of failure modes

Enlargement of
Critical Region

»Better test planning and design

» | mproved maintenance procedures

T AMSAA s
Oct 02 20
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PoF-Based Prognostics

Life-Consumption Monitoring Demonstration

Determineterrain categories and speeds

» Selected 4 terrain categoriesfrom ATC courses. 3-mile straight cour se,
Perryman Cross Country (CC) #1, Perryman CC #2, Perryman CC #3

* Deter mined aver age speed for each terrain (50, 35, 25, 15 mph, respectively)

* Terrain and speed equated to vibration severity levels called Smooth Road,
Rough Road, Off Road, and Cross-County

Determine vehicles vibration severity in real time
e Terrain Sensor System/Vibration Severity Sensor (TSS/VSS) used to
determine vehicle vibration severity levelsin real time

Oct 02



Vehicle LCM Algorithm

* PoOF modelssmulated trailer lifefor each terrain/speed (vibration severity)

Smooth road (SR) life = 286128000 seconds
Rough road (RR) life = 322354 seconds
Off road (OR) life = 340560 seconds
Crosscountry (CC) life = 46800 seconds

 Percent damage per vibration severity level per unit time deter mined

Life-Consumption Monitor System

L | fe Consu med — SR/SR_L | fe + RR/RR_L | f e Inputs: Seconds in Each Vibration Severity Category

| 4555 | 456 | 34 | 66
+ OR/OR_L i fe + CC/CC_I ife Smonth Raad Rough Road OFf Rioaed Cross Country
nmuts: Tata & 2 Parceataga of LR Coosmmed
& Tatal % of life consums d
[ 029ts24 - i e |
] - % Life Consumed End
Simple agorithm could be « Parsenage o "
. . umed far 2ach categeony
expanded for greater refinement in T R
terrain types and vehicle speeds ki LI

Craes Cosnirg

Oct 02
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Other Prognostics Efforts

» Working with The Technical Cooperation
Program (TTCP) members (UK, Canada, and
Australia) to identify and develop techniques
for incor porating Physics-of-Failure (stress-
history) based prognosticsinto military
platforms.

» Conducting FM TV automatic data collection

demonstration
 Collect data from system bus & sensors
* Working w/ AM SAA Sample Data Collection
* Workingw/ ATC (Volvo truck data collection)
» Examples of data to be collected: Faults codes,
vehicle speed, vehicle braking, vibration, shock
» Used for maintenance, prognostics, PoF analy

m Totil % of life cxnusmed

Life-Consumption Monitor System

Inguts: Seconds in Each Vibration Severity Calegory

[==  [#& [ & [ 8\

Srmcazth Azad Armagh Bzl O Rzad

Oulputs:
lw

% Life Consumad
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» Electronics PoF has shown high return on investment and has
resulted in significant reliability improvement
- Design reliability in up-front
- Determine when can use COTS
- Commercial best practices
» Mechanical PoF demonstrations very successful

- The technology enables early assessment of potential fatigue failure
problems during the vehicle design and development process

- Fatigue analysis from nCode used with measured strain data

- Approach critical for prognostics and life consumption monitoring

» PoF-Based Prognosticsisvery promising

- Provideslonger lead timesthan precursor prognostics

- Demonstration system developed for trailer fatigue

- International TTCP project isongoing




